















































Influence of the Temperature on




Experimental data on half-cells consisting of YSZ electrolyte pellets and slurry-coated
cathodes, and a simplified theoretical model were used to give an insight into the kinetics
of oxygen reduction in solid electrolyte composite cathodes. Electrochemical impedance
spectroscopy and potentiodynamic polarizations were used to evaluate the main electro-
chemical parameters of the cathodic process in a temperature range between 500°C and
900°C. The experimental results show that the oxygen reaction is not under activation
control at low temperatures, and other phenomena, such as the transfer of oxygen ions to
and through the solid electrolyte in the composite cathode, occur and retard the overall
rate of oxygen reduction. This working hypothesis was assessed using a simplified theo-
retical model of the cathode that accounts for charge transfer, mass transfer, and con-
duction. The model simulations compared satisfactorily with the experimental data, and
they show that, at low temperatures, the reaction zone in the cathode is confined to the
electrolyte interface. When the temperature is increased, the retarding effects of mass
transfer and conduction in the electrolyte become negligible, and the reaction zone pro-
gressively extends through the electrode. DOI: 10.1115/1.2786461
Keywords: LSM/YSZ composite electrode, modeling, electrochemical measurements,
solid oxide fuel cellsntroduction
Solid oxide fuel cells SOFCs are electrochemical devices that
ransform the chemical energy of fuel and comburent into elec-
ricity at high temperature. As SOFCs can cope with the highest
uel cells temperatures, they present some important advantages
ver other systems.
Because the electrochemical process operates at a certain utili-
ation factor of the fuel and the exhaust gas has high energy
ontent, the cell can conveniently be included in a hybrid system
ith a gas turbine and cogeneration. In this way, the energy con-
ersion efficiency of the system can reach values close to 80%.
his configuration is particularly suited for stationary applica-
ions. Moreover, the cell electrocatalysts can be oxides, rather than
xpensive noble metals. Finally, the electrocatalyst is more toler-
nt of CO and the thermal requirements of the reformer can be
upplied by the cell. The main disadvantage is that high tempera-
ures expose the cell components to critical levels of mechanical
nd thermal stresses.
After a promising series of tests and demonstration applica-
ions, a new push has been given to scientific research by govern-
ental organizations in order to improve performance, to solve
pecific problems, and to obtain durable results. One objective is
o find materials that operate at lower temperatures with low en-
rgy losses 1,2.
The electrochemical losses occurring at the cathode are of ma-
or importance and an understanding of the different steps in-
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mance. The main processes to be considered are the reduction of
oxygen at the cathode surface with the charge transfer to oxygen
ions and the transport of oxygen ions to and through the solid
electrolyte. Each of these steps is thermally activated and may
control the overall rate of the oxygen reduction process.
In this paper, the oxygen reduction mechanisms in solid oxide
composite electrodes are assessed using impedance and potentio-
dynamic data together with a theoretical model of electrochemical
kinetics, mass transfer, and conduction in the electrode.
Experiment
Typical three-electrode test cells were used to perform electro-
chemical investigations on composite cathodes in air. Details of
the experimental setup and techniques have been reported in a
previous work 3 and only the essential features are given here.
Only the half-cell characteristics of the cathodes were investi-
gated. The electrolyte pellet was made by pressing 2.5 g of
8 mol % Y2O3+92 mol % ZrO2 powders TZ-8YS Tosoh powder
with 0.3 m particles assembled in 40 m agglomerates at 12
tons and sintering at 1773 K for 5 h. The final result was a ce-
ramic disk 2 cm in diameter and about 2 mm thick. Such a thick-
ness was chosen to avoid measurement errors due to the misalign-
ment of the working and counterelectrodes 4. The working
electrodes cathodes were prepared by overnight wet ball milling
of equal volumes of YSZ and La1−xSrxy MnO3 x=0.25 and
y=0.95. Praxair, about 0.3 m. Equal volumes of YSZ with
LSM were accurately mixed by ball milling for 24 h in distilled
water. Then the mixture was dried and diluted in -Terpineol Al-
drich. Further milling was performed to obtain a paste that could
easily be applied to the pellet surface by slurry coating. The elec-
trode was then sintered at 1373 K for 2 h. From a geometrical











































Downloaded From:oint of view, the LSZ/YSZ electrodes were arranged on the cir-
ular surfaces of the solid electrolyte in order to achieve experi-
ental conditions based on cylindrical symmetry. All the LSM/
SZ cathodes had a thickness of around 50 m. In order to reach
quipotential conditions i.e., homogeneous distribution of current
ines, a thin layer of current collector, made up of coarse particle
ize, highly conductive paste prepared by mixing the coarse LSM
ith Terpineol, was applied to the working electrode surface in
ontact with the external circuit wires. A Pt reference Pt ink 6926
ngelhard, particle dimension around 12 m electrode was
ainted around the working electrode, and care was taken to leave
s large a distance as possible between the reference and working
lectrodes in order to prevent systematic errors in the measure-
ents of the electrochemical characteristics. A Pt counterelec-
rode, having the same shape and position as the working elec-
rode, was painted on the opposite side of the electrolyte pellet.
he reference and counterelectrodes were fixed to the pellet using
sintering treatment at 1173 K for about 1 h.
The cells were placed in a rig placed in an alumina shoe that
lid over an alumina supporting tube 5 inserted in a tubular
urnace. Measurements were carried out between 623 and 1173 K.
he temperature was controlled by a thermocouple placed very
lose to the cell 1 cm. The wires used to connect the cell to the
lectrochemical instruments were platinum. The cell and the wires
ere shielded to reduce noise. The electrochemical investigations
onsisted of impedance analysis EIS and potentiodynamic mea-
urements. The EIS analyses were performed using a 1186 Solar-
ron electrochemical interface and a 1260 Solartron frequency re-
ponse analyzer over a frequency range of 0.1 Hz–1 MHz with a
0 mV ac signal amplitude at equilibrium potential. Potentiody-
amic measurements were performed using a potentiostat/
alvanostat Amel 2051 with a SOFTASSIST software. The Ohmic
rop IR correction for the polarization measurements, required
y the electrolyte Ohmic resistance between the reference and
orking electrodes, was made by subtracting the IR contribution
t each point of the curve. R was estimated for the different
emperatures from the high-frequency part of the three-electrode
IS spectra 6. The cell was left at the highest temperature for
Fig. 1 Three-electrode impedance plot for the4 h before the measurements were taken.
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Electrochemical Experiments. The impedance spectra of the
half-cell at different temperatures are presented in Fig. 1. The
spectra display a typical capacitive behavior with a depressed
semicircle indicating the existence of different time domains for
the single processes involved in the overall oxygen reduction.
To univocally ascribe a specific process to a specific time do-
main of the impedance plot is a controversial issue. In this work,
the total polarization resistance Rp was calculated as the differ-
ence between the high- and low-frequency intercepts of the data
dispersion with the real axis of the diagram. This value includes
all the single resistances e.g., adsorption, mass transport, charge
transfer. The 1 /Rp toward 1 /T plot presented in Fig. 2 shows a
linear behavior from which an apparent activation energy of oxy-
gen reduction O.R. of 123 kJ /mol is estimated.
Potentiodynamic measurements were performed at different
temperatures, as shown in Fig. 3. The shape of the anodic and
cathodic curves was asymmetrical. This behavior might be attrib-
ode in air at 630°C, 720°C, 780°C, and 840°C
Fig. 2 Arrhenius plot, from the slope of the line an apparent
activation of 123 kJ/mol is obtained








































Downloaded From:ted either to different transfer coefficients for the anodic and
athodic processes or to mass-transfer effects. If neither of these
actors is considered when estimating the exchange current den-
ity i0 by fitting the experimental data with the reduced form of
he Butler–Volmer kinetic expression for high field overpotentials,
ifferent values of i0 are obtained from the anodic and cathodic
ranches of the curves reported in Fig. 3 3. The estimated ex-
hange current densities obtained from the anodic i0a and ca-
hodic i0c branches of the curves at different temperatures are
isted in Table 1. The differences in their values at temperatures
ower than 750°C suggest that, under cathodic polarization, the
xygen reduction may not be controlled by charge transfer but
ther phenomena, such as adsorption or mass transport, which can
ffect the process kinetics. Similar limitations under anodic con-
itions appear less severe, because the anodic curve in Fig. 3 is
ess polarizable than the cathodic curve. This behavior may be
xplained by considering that under cathodic conditions oxygen
eeds to diffuse through the porous cathode and adsorb on the
SM before being able to accept electrons and form oxygen ions.
hese are transferred into the YSZ particles that transport the ions
o the cathode/electrolyte interface. During oxygen evolution un-
er anodic conditions, electrons are readily lost from the oxygen
ons, and the overall oxidation process is expected to be faster
han the corresponding reduction at the same absolute overpoten-
ial value. At higher temperatures, the values of i0 become identi-
al for both the cathodic and anodic branches, confirming that
hermal activated processes, such as oxygen adsorption or ionic
ransport, could be the controlling step during oxygen reduction.
heoretical Model
Model Assumptions. The effect of temperature on the overall
olarization resistance observed in impedance experiments see
ig. 2 and the contribution of single resistances i.e., charge
ransfer, mass transfer, and conduction to the overall rate of oxy-
ig. 3 Anodic and cathodic polarization IR-free curves of the
omposite cathode in air at different temperatures
able 1 Values of the polarization resistance and the ex-
hange current density obtained from dc measurements „ptdn…














570 15.05 14.47 0.0027 0.0059
630 4.78 4.7 0.008 0.0108
660 2.99 3 0.011 0.017
690 1.76 1.85 0.022 0.029
720 1.04 1.43 0.03 0.044
750 0.63 0.82 0.04
780 0.38 0.55 0.05
810 0.24 0.32 0.07
840 0.15 0.17 0.098ournal of Fuel Cell Science and Technology
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sessed using a simplified model of the charge transfer and ionic
conduction in an LSM/YSZ cathode.
The composite cathode was formed of a mixture of an elec-
tronic conducting material the “true” cathode and an ionic con-
ducting material the “electrode” electrolyte, assembled in a po-
rous structure through which oxygen could diffuse and reach the
electronic conductor surface where electrons were delivered for
the reduction process. For the reduction reaction to proceed, oxy-
gen ions formed in the process must be removed from the cathode
surface and brought to the true electrolyte in contact with the
composite cathode. This step is accomplished by conduction
through the electrode electrolyte. The active area of the cathode is
therefore limited to the three-phase contact area of cathode, elec-
trolyte, and gas.
Each step involved in the reduction process i.e., electron con-
duction in the cathode, charge transfer at the cathode/electrolyte/
gas interface, and ionic conduction in the electrolyte presents a
characteristic resistance to charge flux, and the overall rate of
electrochemical reduction is mainly limited by the largest resis-
tances. Other processes e.g., adsorption/desorption and mass
transfer of reactants and products to and from the cathode surface
may also occur and contribute to the overall rate of electrochemi-
cal reduction. Although oxygen reduction is a multistep mecha-
nism, in this work it is assumed that the charge transfer is con-
trolled by a single step—one electron process as the rate
determining step—with potential limitations due to the rate of the
reactant and product transfer to and from the active surface of the
electrode i.e., dissociative adsorption of molecular oxygen at the
cathode surface is neglected:
Model equations describing these reaction and mass-transfer
conditions have been developed assuming the operation of the
electrode at a steady state and uniform temperature and pressure.
Model Equations. Charge transfer and mass transfer to and
from the electrode are described by the Butler–Volmer kinetic
expression:
itr = i01 − itrilce−nF/RgT − 1 − itrilae1−nF/RgT 1
Assuming that both ionic io and electronic el conduction fol-






Exchange current density distributions through the electrode are







The set of model equations is completed by the boundary condi-
tions of the current density flowing into the cathode and out of the
electrolyte at the electrode boundaries:
iel0 = itot
iio = itot 4
Equations 1–4 characterize the electrochemical reduction of
oxygen in a composite material provided that reliable estimates of
model parameters i.e., resistivities, active contact area, exchange
current densities, and limiting currents are available.
Model Parameters. Equations 1–4 characterize the electro-
chemical reduction of oxygen in a composite material provided
that reliable estimates of model parameters i.e., resistivities, ac-
tive contact area, exchange current densities, limiting currents,
and transfer coefficients are available.
In order to investigate the ionic resistivity of the YSZ electro-
lyte as a function of the temperature and sintering grade imped-






































Downloaded From:nce, measurements were performed in symmetrical two-electrode
onfiguration with a thick electrolyte. The ionic resistivities, de-
ermined from the high-frequency intercept with the x axis of the
yquist plots at different temperatures, are reported in Fig. 4 for
SZ sintered at 1100°C for 1 h, and YSZ fully sintered at
500°C for 5 h. It is interesting to see and compare the behavior
f the less sintered YSZ with that of the fully sintered one because
hese are the sintering conditions of the composite cathode. As
xpected, a remarkable difference is observed in the oxygen ion
onductivity in the YSZ. To determine the dependence of the elec-
ronic conductivity of the LSM on the temperature, which consti-
utes essential data for the theoretical approach, the data presented
y Ghosh et al. 7 were considered. The effective resistivities
io
eff ,el
eff of the electronic and ionic conductors were calculated
s a function of the electrode composition as suggested by Ref.
8.
Resistance to the mass transfer of the reactants and products to
nd from the cathode surface may retard the overall rate of the
lectrochemical reduction. While resistance to molecular oxygen
ransfer through the pores of the cathode can be neglected par-
icularly at high temperatures due to the fast rate of oxygen dif-
usion in air and the large macroporosity of the electrode 8,
ransfer of oxygen ions from the electrode surface can be expected
o be a slow process particularly at low temperatures, due to the
ow diffusivities and conductivities of oxygen ions in solid elec-
rolytes. Using the experimental data on anodic and cathodic ex-
hange current densities presented in Table 1, a rough estimation
f the resistance to ion transfer can be obtained from the linear-




itr 1i0 + 1ilc − 1ila 5
hich can be rewritten in terms of resistances as
 = − iRct + Rmt,c + Rmt,a 6
eferring to Eq. 5, the anodic and cathodic exchange current
ensities can be expressed as
i0c =  1i0 + 1ilc
−1
7
i0a =  1i0 − 1ila
−1
s discussed above 8, the cathodic mass-transfer resistance to
ig. 4 Ionic conductivity of the YSZ sintered at 1100 for 1 h
… and 1500°C for 5 h „… as a function of T2 diffusion is assumed to be negligible i.e., 1 / ilc=0, so that the
11011-4 / Vol. 5, FEBRUARY 2008
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− ila =  1i0a − 1i0c
−1
8








The anodic mass-transfer resistance calculated using the data from
Table 1 is plotted in Fig. 5 as a function of the temperature.
The morphological properties of the electrode can be calculated
using the percolation theory 8. A value of 0.5106 reported for
similar systems 8 was used in the simulations of this work. The
transfer coefficient is assumed to be 0.5 for both the anodic and
cathodic processes.
Model Simulations. The calculated overpotential gradient
through the electrode is plotted in Fig. 6 for three YSZ resistances
100  cm, 1000  cm, 10,000  cm, respectively, correspond-
ing to temperatures in the range of 500–900°C at a current equal
to 300 mA /cm2. This figure shows the qualitative behavior of the
composite cathode. For low temperatures, the active zone is con-
centrated at the electrode/electrolyte interface. As the temperature
rises, the overpotential required to transfer the same current de-
creases and it is distributed more uniformly throughout the elec-
trode because of the higher conductivity of the ionic conducting
Fig. 5 Estimated anodic mass-transfer resistance as a func-
tion of temperature
Fig. 6 Overpotential distribution through the electrode deter-
mined by the theoretical model considering three resistances
„100  cm, 1000  cm, 10,000  cm… of the ionic conductor
6 2 −3 −2 −2
„el=7  cm, a=0.5Ã10 m m , i0=100 A m , itot=3000 A m …
































Downloaded From:hase and the faster kinetics see Eq. 1.
In order to evaluate the agreement between the theoretical and
he experimental results, the polarization resistance obtained with
he experimental methods see Fig. 2 was compared to that cal-





he polarization resistances determined by the impedance mea-
urements, obtained using the model in which mass transport was
ncluded in the Butler–Volmer equation and the one in which mass
ransport was neglected, are shown in Fig. 7. The experimental
esults are satisfactorily approximated by the model when trans-
ort limitation of the ionic species is considered. Even if these are
he results of a simplified approach to modeling composite cath-
de behavior, they appear promising and deserve to be refined
ith the aim of optimizing a useful tool for the interpretation of
xperimental measurements.
onclusions
This paper constitutes a first approach to quantitatively analyz-
ng the experimental results obtained from studying composite
athodes. Based on the assumption that the limiting mass-transfer
rocess in a LSM\YSZ composite cathode is the flux of oxygen
ons, a mathematical model of mass transfer, charge transfer, and
onduction is developed, which is able to describe the cathode
ehavior at different temperatures. Although the theoretical analy-
is presented in this work requires further refinements and imple-
entation, the preliminary results allow a good interpretation of
he experimental results and show a promise for providing more
nsight into the oxygen reduction process and the composite elec-
rode operation.
ig. 7 Comparison of the polarization resistance Rp obtained
rom the experimental measurements and the theoretical analy-
is with and without mass-transfer resistanceournal of Fuel Cell Science and Technology
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Nomenclature
a 	 specific active area m2 m−3
F 	 Faraday constant C mol−1
i 	 current density A m−2
i0 	 current exchange density A m−2
n 	 stoichiometric number of electrons
Rg 	 gas constant J mol−1K−1
R 	 resistance 
T 	 temperature K
x 	 spatial coordinate through the electrode m
Greek Symbols
 	 transfer coefficient
 	 electrode thickness m
 	 overpotential V
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